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Neutron diffraction has been used to study the magnetic fluctuations and long range order of 
the Dy ions in single crystals of superconducting DyBa$usO,. The temperature 
dependence of the rod of scattering, characteristic of 2D behavior, has been measured above 
and below the 3D N&e1 temperature (TN = 0.9 K). This rod intensity is observed to 
increase as the temperature decreases until TN is reached, and then the intensity decreases 
rapidly below TN The 2D magnetic correlation length, which is obtained from 
measurements of the width of the rod, grows continuously with decreasing temperature, then 
reaches a resolution-limited maximum at the Neel temperature when long range 
magnetic order sets in. At low T, two separate types of simple 3D antiferromagnetic structures 
are found, one characterized by a wave vector of (4 1 0), and the other by (f f f). We 
believe the two types of order occur because the (dipolar) energies for these two configurations 
are nearly identical. This behavior is analogous to the 2D and 3D magnetic order of Er 
observed in ErBa2Cu307. 

The magnetic ordering of the rare-earth ions in the 
layered superconducting oxides has been of interest both 
because of the magnetic-superconductor interactions, and 
because of the 2D magnetic behavior these materials 
display. lb5 In the RBa2Cu307 (R = rare earth) materials 
of direct interest here, the 2D behavior originates naturally 
from the crystallography; there is only one rare-earth ion 
per chemical unit cell, and the c axis is three times as long 
as the a and b axes. Powder neutron diffraction experi- 
ments on ErBa2Cus07 (Ref. 3) were the first to confirm 
two-dimensional behavior of the rare-earth ions in the 
RBazCu30, system. Although the Er magnetic system is 
2D in character, when strong 2D correlations develop in 
the a-b plane a weak interaction along the c axis induces 
three-dimensional long-range order at TN = 0.4 18 K. 1*2 De- 
spite the observed 2D nature of the magnetic ordering of 
Er in ErBa2Cu307 and the expected 2D magnetic nature of 
all the rare-earth ions in RBa$ujO-I, only 3D long-range 
order has been seen in the other rare-earth systems Dy,’ 
Nd,7 and Gd.8 

In this article we report measurements on a single crys- 
tal of DyBazCu307. Above the 3D ordering temperature 
we observe a rod of scattering along (f 4 QJ, which di- 
rectly demonstrates the 2D character of the system. In 
addition, the rod intensity, which is proportional to the 
magnetic susceptibility, rises to a peak at TM We have also 
studied the development of magnetic correlations in the a-b 
plane, which reach a maximum at the NCel temperature 
when long-range order sets in. At low T two separate 3D 
antiferromagnetic structures occur, with nearly identical 
(dipolar) energies; the (fr f f ) structure, corresponding to 
antiferromagnetically coupled spins along all three crystal- 
lographic directions, and the ($ i 0) structure, which is an- 
tiferromagnetic along the a and b directions and ferromag- 
netic along c. 

The neutron experiments were performed at the re- 
search reactor at the National Institute of Standards and 
Technology. The scattering data were taken with a wave- 
length of 2.3714 A and a pyrolytic graphite monochro- 
mator and filter. A ‘He refrigerator was used for all the 
measurements. The growth technique for the single cry%- 
tals has been described in a previous article.’ The measured 
superconducting transition temperature for the crystal was 
Tc I! 90 K. The crystal we used for our measurements 
weighed 2 mg. 

To understand the observations on this system, con- 
sider first the scattering cross section’ 
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where f(Q) is the magnetic form factor, ki and kf are the 
incoming and outgoing neutron wave vectors, respectively, 
and 

S”(Q,o) =& s m ei(Q’r-oJt) c (S’(O,O)S~(r,t) )dt 
-52 r (2) 

is the space and time Fourier transform of the spin-spin 
correlation function of interest. For this discussion it is 
convenient to break the cross section into a Bragg and a 
diffuse part: 

and 

XSb>(S’( -QM+(Q)) (3) 
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FIG. 1. The scattering plane in reciprocal space showing the positions of 
3D nuclear and magnetic Bragg points as well as the 2D magnetic Bragg 
rods. 
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Below TN long-range order has set in, and Eq. (3) is a 

- (S’( - Q,O) > W ’(Q,f) > W t. 

direct measure of the thermodynamic order parameter. 

(4) 

The diffuse scattering in Eq. (4) tends to zero’upon low- 
ering the temperature below TN, as it originates from low 
energy magnetic excitations. Thus, when long-range order 
sets in we see that the scattering intensity in Eq. ( 1) is 
proportional to the square of the sublattice magnetization. 
In the 3D case the scattering will peak about a magnetic 
reciprocal lattice vector and the scattering intensity will be 
in the form of magnetic Bragg peaks, as shown in Fig. 1. 

showing the 2D character just above TN SC 0.91 K and (b) a scan along 
FIG. 2. (a) A scan across the rod of scattering in reciprocal space, 

the rod, showing that the scattering intensity does not vary significantly 
along Q, Hence there are no significant spin correlations between planes, 
even just above TW The slight decrease in intensity with increasing Q, is 
due to the magnetic form factor. 

cnuseax(Q) a (2 + e", -I- $) - '9 
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where K is the inverse correlation length within the a-b 
plane. Thus, in a 2D system we expect to see critical scat- 
tering about the reciprocal lattice positions as in the 3D 
case, with the important difference that in the 2D case the 
critical scattering should be independent of Q, so one 
should see a rod of scattering extending along Q,. 

In Fig. 1 we present a diagram of reciprocal space, 

Above TN only short range correlations exist, and thus 
only the diffusive part will contribute to the scattering in- 
tensity in Eq. ( 1). For the present’case where the neutron 
energy is much larger than the thermal fluctuations, the 
quasielastic approximation is well obeyed, and the cross 
section is proportional to the wave-vector dependent sus- 
ceptibility xc(Q).” Then Eq. (4) can be written as 

($)difis,= J dEf (&ddiRuse 
=(;) ($2 ($) ,f(Q)12 

x s c (fig- Qiei)xu(Q). ( 1 (5) 
ty 

For a 2D system in the Ornstein-Zernike approximation 
we have 

xg(Q>a(~+@x+Q$-'9 
and we can write 

(4) 

showing the positions of the 3D nuclear (crystal structure) 
and magnetic (spin structure) Bragg points, as well as the 
Bragg rods associated with 2D character. Above the order- 
ing temperature the rod intensity is due to short-range 
magnetic fluctuations in the a-b plane, while below TN it 
arises from low energy magnetic excitations. Figure 2(a) 
shows a scan across the rod, just above the 3D ordering 
temperature. This strong rod of scattering develops for 
temperatures 52 K. The linewidth of this peak is a mea- 
sure of the inverse 2D correlation length K as defined in Eq. 
(7). Thus, by scanning across the rod at various tempera- 
tures we have observed the evolution of the magnetic cor- 
relations in the a-b plane. Also shown in this figure is a 
scan along the rod, which demonstrates that the scattering 
intensity is independent of Q, Hence there are no signifi- 
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FIG. 3. Rod intensity as a function of temperature. The intensity is seen 
to peak at two temperatures, 0.91 and 0.87 K, which correspond to the 
app@mate tTN’s of the two different magnetic structures observed 
[(TT~) and &O), respectively].’ 

cant correlations between spins in adjacent u-b planes, even 
though we are just above TN. Therefore, above TN the 
system only exhibits 2D short-range magnetic order. 

Figure 3 shows the intensity at a point on the rod 
(ii1.2) versus temperature. The rod starts to develop be- 
low about 2 K, and the intensity steadily increases with 
decreasing temperature until it peaks at TN, when long- 
range order sets in. The two peaks in the rod intensity at 
Ts0.91 and 0.87 K are due to the two different N&e1 
temperatures for the ($4 f) and (4 i 0) magnetic struc- 
tures, respectively. Below TN the intensity quickly de- 
creases, presumably due to the sharp increase in the energy 
of the magnetic excitations, and the consequent decrease in 
their thermal population. 

Next, we turn to the temperature dependence of the 
order parameter, Fig. 4, which is obtained from the 3D 
Bragg peaks (4 4 f) and (8 0), where the ordering temper- 
atures are about 0.91 and 0.87 K, respectively. Both curves 
are quite sharp, a characteristic of the expected 2D Ising 
behavior as found for the ErBa$usO, system,l although in 
this crystal there is a distribution of transition tempera- 
tures that appears to spoil quantitative agreement. The 3D 
ordering is simply being induced as a necessary conse- 
quence of the onset of long-range order within the a-b 
planes. *O This behavior is analogous to the 2D and 3D 
magnetic ordering of Er observed in ErBa2CusOr.1P2 
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FIG. 4. Sublattice magnetization vs temperature obtained from the ($ i k) 
3D magnetic Braggrpeak, with TN = 0.91 K, contrasted with the data 
obtained from the (z 5 0) peak, where T, s 0.87 K. 

Note added in proof. More recently we further an- 
nealed the sample in oxygen and repeated our measure- 
ments. The annealing of the Dy123 crystal eliminated the 
whole-integral magnetic Bragg peaks (1 d I), and we also 
observed a slight increase in T, associated with the half 
integral peaks (f $1/2). In addition, we made measure- 
ments on an oxygen deficient sample in which we only 
observed whole integral magnetic peaks (4 f I) as well as a 
lowering of TM Thus, we conclude that the (14 Z/2) peaks, 
corresponding to antiparallel spins along the a, b and c 
axes, represent the correct magnetic structure for the fully 
oxygenated sample, and as oxygen is removed TN is low- 
ered and the structure changes to (1 f I) ,’ corresponding to 
parallel spins along the c axis. 
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